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ABSTRACT

Controlled nuclear fusion has been the subject of experimental and analytical
studies for more than forty years. A focus of research in this area has been plasma
confinement using a toroidal magnetic field. The two important fusion devices used
for this purpose are Tokamaks and Stellarators. The Quasi Poloidal Stellerator (QPS)
is a low-aspect ratio toroidal magnetic confinement device used to contain the plasma
so that Controlled Thermonuclear Reactions (CTR) can take place. An integral part of
an Oak Ridge National Laboratory QPS design is the modular coil, which provides
the primary magnetic field in the configuration. Since the coils are not actively
cooled, the stellarator must be operated in short steps or pulses with sufficient time
given to the copper conductors within the modular coils to cool down. This short
pulse causes thermal stresses and deformations, which need to be carefully studied
and understood in the design process.
A prototype modular coil named UT Racetrack coil, was developed in the
Mechanical, Aerospace, and Biomedical Engineering Department, at the University
of Tennessee, to test and use in verification of thermal computer simulation models.
The simulation models were developed to use in studying thermal cooling
requirements, need and location for auxiliary cooling methods such as liquid nitrogen
lines, use of copper chill plates as heat sinks, and temperature response of the
conductor cable. Various other issues related to the physical properties of epoxy and
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insulations used in the QPS design, and thermal analysis of the welding and
fabrication of the modular coils were also addressed and resolved in this study.
It was found through the computer simulation of the welding process that the
modular coils will not be damaged in the welding of the steel can during the
fabrication of the QPS design. In addition, through direct experiments important
thermal properties of metals and the epoxy used in the Vacuum Impregnation Process
were measured and compared with the available data. Also, a specific simulation
method was developed to ascertain the thermal conductivity of a composite material
similar to the epoxy-packed copper cables used in the modular coils. The
experimentally measured thermal properties were used in the computer simulation of
the proposed QPS conductor coils as well as in the simulation of the fabricated UT
Racetrack coil. All computer simulations in this thesis were done in FEMLAB®. The
developed and verified computer model can now be used in prediction of the thermal
stresses and deformations in the modular coil, and in the improvement of the thermal
features of the proposed design, including optimization of the location of cooling
cryogenic lines.
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CHAPTER 1
INTRODUCTION
1.1

BACKGROUND
When the nuclei of two light elements collide, there are two possibilities. Either

the nuclei would undergo an elastic collision due to the strong mutually repulsive
forces generated by the positive charges or, if the momentum carried by the colliding
particles is sufficiently high, the nuclei may have a hard collision resulting in the
constituents of the nuclei to rearrange themselves before they separate. The latter
reaction is termed as Nuclear Fusion. If the mass of the products is less than that of
the reactants it will result in an exothermic reaction. Fusion reactions involving nuclei
lighter than iron, typically release energy and those heavier than iron typically absorb
energy. Fusion reactions occur in stars such as the sun where the gravity compresses
the hydrogen gas to raise its temperature and pressure to such an extent that fusion
takes place.
The probability that a fusion reaction will occur between two nuclei is
characterized by a property called the cross-section. The extra neutrons on the

Deuterium (D) and the Tritium (T) (See Figure 1.1) nuclei make them larger and less
tightly bound and the result is that the cross-section for the D-T reaction is the largest
of the hydrogen isotopes. In order for the 2 nuclei to collide, they have to overcome
the repulsive forces. For that the particles have to be raised to very high temperatures
so that the nuclei attain very high velocities and can fuse at that temperature. The
energy resulting from the fusion of D-T to form helium is given by equation 1.1.
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Figure 1.1 Nuclear fusion [1]

D + T → He 4 (3.5MeV ) + n(14.1MeV )

… (1.1)

To get net power, the power produced must be higher than that used to sustain the
temperature of the confined gas. Also a way has to be found to confine the hot
energetic particles so that they can collide many times to cause fusion. It has been
found that for this purpose the temperatures have to be close to 200 million degrees
Celsius. Also generating net electrical power requires a density of approximately
1/200,000 of atmospheric density, a pressure of 5 atmospheres, a confinement time of
1-2 seconds and no contact with material walls. [1]
At the temperatures required for a thermonuclear reactor, particle collisions are
far too energetic for any neutral atom to stay together: all the negatively charged
electrons are knocked off the positively charged ions, in this case hydrogen nuclei.
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This collection of charged particles--- which is of sufficiently high density so that the
coulomb forces between the charged particles are an important factor in determining
their statistical properties yet it is sufficiently at low density so that the nearestneighbor interaction is dominated by the long-range Coulomb force exerted by the
many distant particles-- is called Plasma. [2]
Hence the basic needs for Controlled Thermonuclear Reactions (CTR) to take
place in nuclear fusion reactors are: 1. The plasma must be hot enough so that sufficient kinetic energy is given to the
particles for fusion to occur.
2. The plasma must be dense so that there are more ions in a small space and
hence more collisions.
3. The confinement time must be sufficiently high so that net power produced is
more than the power used to keep plasma hot.
4. The plasma must be kept away from the walls so that it would not cool and
contaminate the plasma. Also because plasma temperature is several million
degrees it would destroy the walls.

The energy loss of the plasma per unit volume is given by

PL = 3nkT / τ

… (1.2)

Where ‘n’ is the plasma electron density, ‘T’ is the equal electron and ion
temperature, ‘k’ is the Boltzmann’s constant and ‘τ’ is the energy containment time.
In addition to convection and conduction, plasma loses energy due to the
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bremsstrahlung radiation produced by the electron and ion collisions. If net energy is
to be extracted from the system then it must produce more energy than it loses. This
leads to the Lawson’s criterion

nτ > 3 × 1014

… (1.3)

The Lawson product is a key measure of plasma confinement and determines what
combinations of density and energy confinement will give fusion at a given
temperature.
Plasma confinement can be achieved in two main ways. One is to make the
density ‘n’ extremely high so that the necessary containment time becomes short.
This essentially utilizes a small explosion. The idea is to use small micro bombs—
small pellets of fuel ignited by use of powerful lasers or high-energy electron beams.
After the material is heated it expands rapidly but enough energy may be produced in
the early stages to compensate for the heating energy supplied. This could be done by
focusing a beam of energy on the pellet of sufficient density that enough energy
would be absorbed to raise it beyond the Lawson ignition temperature despite the fact
that the pellet is being confined only for nanoseconds. Because the inertia of the
imploding pellet keeps it momentarily confined, this method is know as Inertial
confinement.
The other possibility is the use of a magnetic field to contain the hot plasma. This
method is called Magnetic Confinement. A charged particle moving perpendicular to
a magnetic field (B) experiences a force normal to its trajectory. Thus in a constant B
field the particle executes a circular motion: the radius being proportional to the
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momentum of the particle and inversely proportional to the magnetic field strength.
There is a limit to the number of hot, charged particles that can be contained by a
magnetic field. The circulating particles constitute a local current, which cancels that
of neighboring particles except at the plasma surface. There is a net surface current
flowing perpendicular to the magnetic field, which results in an inward pressure just
sufficient to balance the plasma outward pressure. The magnetic field can be regarded
as having a pressure ∝ B2 and the plasma as exerting a pressure ∝ nT as in an
ordinary gas. Then for pressure balance
B2
+ nkT = const.
8π

… (1.4)

i.e. if the plasma pressure is large the magnetic pressure is reduced. If the plasma
pressure is very high then B may be reduced to zero. In other words nkT cannot be
greater than B2 / 8π. This gives a very important result

β≡

nkT
≤1
B 2 8π

… (1.5)

But this applies to particle motion across the magnetic field. There is no inhibition
to motion along the field. To prevent loss of plasma from the ends of the system,
there are two choices:
1. The magnetic configuration can be closed into a ring such that the magnetic
field lines are endless and remain within a given volume. This is the toroidal
approach. The toroids have the advantage of a longer plasma confinement
times. Experimentally observed diffusion coefficients are already low enough
for a practical reactor provided they do not deteriorate as the temperature is
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raised to operating conditions. But they are magnetically more complicated,
tend to be large, and do not promise economic generation of power in smaller
packages.
2. The field strength at both the ends of a straight section can be sharply
increased i.e. the magnetic field lines are open. This is the mirror approach.
The mirror machines offer advantages of a fundamentally simpler magnetic
geometry, but are plagued by a distressingly large rate of escape of plasma out
the ends of the configuration.

Toroidal confinement is the basis of most of research today. A simple toroidal
component (flow along the plasma) is not suitable for plasma confinement. It results
in the setup of a charge separation in a direction perpendicular to electric and
magnetic fields and causes loss of plasma. For this reason a Poloidal component
(magnetic field that runs short way around the torus, threading the donut hole in the
middle) must be added to twist the magnetic field as seen in Figure 1.2. If this is done
by a special set of external coils, the machine is called a Stellarator. If this is done by
means of a current flowing in the plasma, it is called a Tokamak. [3]

1.2

TOKAMAK

The tokamak is an axially symmetric field configuration with closed magnetic
surfaces, in which a toroidal field is produced by currents in external coils and a
poloidal field by a current in the plasma.

6

Figure 1.2 Magnetic toroidal confinement of plasma [1]
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The weaker poloidal field determines the plasma confinement and the stronger
toroidal field provides the stability. The tokamak plasma current is usually driven by
a toroidal electric field, induced by transformer action. Most of the available flux
change is used in setting up the magnetic configuration and driving the current in the
early stages when the plasma is cold and resistive. Thereafter, relatively little flux is
consumed in maintaining a steady current in a highly conducting hot plasma—
allowing tokamaks to be driven inductively for long pulses.
It is also necessary to have an axial or vertical field to control the tendency of the
plasma column to expand in the direction of the major radius. This vertical field
strengthens the poloidal field outside the torus and weakens it on the inside. Modern
tokamaks control the plasma position with an active feedback system using external
coils to generate magnetic fields. [4]

1.3

STELLARATOR

Stellarators have a toroidal magnetic configuration that does not require net
plasma current to produce closed magnetic surfaces. This is accomplished with a set
of non-planar coils. The resulting plasma shape is a rather complex, periodic
geometry and is not axisymetric. The absence of the plasma current results in an
inherent steady state device and eliminates the problem of a sudden quench, or
plasma disruption.
The main features of a stellarator reactor are [5]:
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1. Steady state magnetic fields. No induced eddy currents. No enhanced fatigue
of the structure due to pulsed thermal load.
2. Steady state operation at high Q (ratio of fusion power produced to that
required to sustain the fusion reactions), QÆ ∞
3. No energy storage and low re-circulating power requirements.
4. Moderate plasma aspect ratio (8-12), which offers good access to the reactor
core.
5. Start up on existing magnetic surfaces with good confinement at all instances.
6. No positioning or field shaping coils necessary.
7. No major disruptions that could lead to energy dump on the first wall or on
the divertor target plates.
8. Several potential methods for impurity control and ash removal.
9. No toroidal current drive is required.

Stellarators already constructed or under construction to date have relatively high
aspect ratios, up to 10, and these configurations extrapolate to a large reactor size.
The compact stellarator is a new approach to a much lower aspect ratio. Compact
stellarators combine the good confinement and the high beta of a tokamak with the
inherently steady state, disruption-free characteristics of a stellarator. Although they
operate at steady state they do allow a small bootstrap current in the plasma. Many
compact stellarators are in operation design and construction phases around the
world—The Large Helical Device (LHD) at Japan, Wendelstein 7-X at Germany,
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National Compact Stellarator Experiment (NCSX) at Princeton Plasma Physics Lab
and the Quasi-Poloidal Stellarator (QPS) at The Oak Ridge National Lab. The
compact configurations allow larger plasmas to produce net power. The compact
configurations can be seen in Figure 1.3.

1.4

QUASI POLOIDAL STELLARATOR (QPS)

The Quasi-Poloidal Stellarator (QPS), is a low-aspect ratio (R/a = 2.7), concept
exploration experiment with a non-axisymetric, near-poloidally symmetric magnetic
configuration. The QPS design parameters are <R> = 0.9 m, <a> = 0.33 m, B = 1 T, a
1 s pulse length, and Pheat = 1-3 MW (See Table 1.1). The Stellarator core consists of
the modular coil set that provides the primary magnetic field configuration, auxiliary
coils including vertical field coils, toroidal field coils, and an ohmic current solenoid,
machine structure, and an external vacuum vessel. A cut-away view of the Stellarator
is seen in Figure 1.4. [6]
The primary feature of QPS is the modular coil set which provides the base
magnetic configuration. The design and fabrication of these coils is a major
engineering challenge due to the complexity, precise geometric accuracy and high
current density of the windings. The QPS device parameters, i.e. magnetic field,
pulse length, average major radius, auxiliary coil sets, and heating power, are set by a
combination of physics and practical considerations, including mechanical
constraints, available equipment and cost [7]. They can be listed as follows:
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Figure 1.3 Compact stellarator plasma configurations [1]

11

Table 1.1: QPS design parameters [6]
Parameter

Value

Average major radius, <R>

0.9 m

Average plasma radius, <a>

0.33 m

Aspect ratio, <R>/<a>

2.7

Average toroidal field on axis
From modular coils

1T

From toroidal field coils

+/- 0.2 T

Number of field periods

2

Plasma current, Ip

< 150 kA

Flat top pulse length at 1 T

~ 1.0 s

Plasma heating power, Pheat

1-3 MW
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Figure 1.4 Quasi Poloidal Stellarator [6]

13

1. Average magnetic field on axis <Baxis> = 1 T. The available high-power
plasma heating systems are designed for 1 T operation. The performance of
the plasma depends in particular on the plasma shape and on the internal
plasma profiles. These profiles include those of the current density and the
pressure, two quantities that can be modified by means of auxiliary heating
methods such as Electron Cyclotron Heating (ECH). ECH is a very important
tool due to its capability of injecting highly localized and intense power.
Restricting the magnetic field to 0.5 T would preclude the use of certain ECH
systems. The current density varies as B2, so there is a factor of 4 difference in
the density achievable with ECH between operation at B = 0.5 T and B = 1 T.
2. Flat-top pulse length. The current waveform and flat-top time are determined

by the coil parameters, the power supply, and the coil heating from a base
temperature. This is the time which is required to reach a magnetic field of B
= 1 T with the existing power supplies. Figure 1.5 shows the modular coil
current waveform for different coil temperature ranges.
3. Average major radius. Since the machine cost increases with size, the major

radius is set at the minimum value compatible with the QPS physics goals and
engineering constraints. The limiting factor is the minimum distance needed
between the modular coils so that coils do not overlap.
4. Coil current density j and coil operating temperature. Only about 44% of the

modular coil cross section is occupied by the winding; the rest is structure and
winding form.
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Figure 1.5 Modular coil current flat-top time versus temperature of coils [7]
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The maximum value of j is set by the allowable coil temperature and power
supply limits. Figure 1.6 shows the required start temperature for the QPS
modular coils for three conditions: a peak temperature of 65 C (limit for
room-temperature-cured epoxy), 100 C and the 2600 V limit for the power
supplies. The maximum practical current density in the conductor is ~ 8.4 KA
/ cm2. Higher current density requires operation of the coils below room
temperature. Lowering the temperature to get a significant increase in density
requires thermal insulation to reduce the heat loss in addition to the vacuum
liner.
5. Heating power. The power requirement is set at 0.5 MW initially and slowly
increased to 3 MW.
6. External Vacuum vessel. A large vacuum tank is chosen as the QPS vacuum
vessel. An internal vacuum vessel would pose significant problems because of
the shape of the modular coils. The assembly of an exterior vessel would be
easier and will allow installation of in-vessel components such as divertor
plates, ICRF antennas, diagnostics etc. The large interior volume allows largearea for high effective pumping speeds.

1.5

MODULAR COILS

The modular coils are the most difficult part of the core design and fabrication.
The coil set has two field periods with 8 modular coils per period. Due to symmetry,
only four different coil types are required.
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Figure 1.6 Operating temperature and power supply constraints for the QPS [7]
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The maximum toroidal field of 1 T is generated by the flat-top pulse of 1s. The
toroidal field on axis can be raised above 1 T by energizing the Toroidal Field (TF)
coils, which add ± 0.2 T to the field generated by modular coils. Figure 1.7 shows the
geometry of the coil windings. The design concept uses flexible, copper cable
conductor to make it easier to wind into the complex shape. The cable is compacted
from the round cable into a packing fraction of 75%.
The copper cable is wound first with nylon cloth and then with alternate layers of
glass cloth and Kapton® (3 layers of glass and 2 layers of Kapton®). After this it is
vacuum pressure impregnated with CTD 101 epoxy at Princeton Plasma Physics Lab
using a prototypical impregnation and curing cycle to form a monolithic copperglass-epoxy composite. Figure 1.8 shows the insulation scheme on the copper
conductor.
The modular coils are gas cooled and operate above room temperature because
they are located inside the plasma vacuum space. The windings are wound on and
supported by the tee-shaped structural member, which is an integral part of the coil
winding form. The winding form locates the coil windings within the ± 1 mm
tolerance and supports them against the electromagnetic loads. The forces on the
winding packs tend to push them radially outward against the form and clamp them
laterally against the central member of the tee. A compliant layer is provided in the
outboard region between the structure and windings to reduce thermal stresses.
Stainless steel sheets are seal welded around the windings to provide a vacuumcompatible coil. [8]
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Figure 1.7 Modular coil geometry [8]
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Figure 1.8 Copper conductors showing the insulation layers
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The cross sectional geometry of the modular coils can be seen in Figure 1.9. The
number of conductors may vary as more and more design considerations are met.

1.6

MODULAR COIL MODEL AND TESTS

The modular coil is the integral part of the stellarator. The proper functioning of the
QPS depends on the exact magnetic field which needs to be generated and hence on
the geometry of the modular coils.
The stellarator needs to be operated in steps or pulses with sufficient time given to
the conductors inside the modular coils to cool down. This causes many issues to
arise in terms of thermal stresses and gradients. The potential problems have been
identified as [9]:

Coil cooling issues
1. The location of liquid nitrogen cooling lines is to be completely determined.
2. Thermal contact of cooling lines and copper around winding needs to be
assessed.
3. The effective thermal conductivity of cable-glass-epoxy composite needs to
be determined.
Vacuum canning issues
1. Forming of cans.
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Figure 1.9 Cross section of modular coil. [9]
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2. Welding of cans without distortion of shape or damage to windings.
3. Leak checking of cans after VPI (Vacuum Pressure Impregnation)

To address these issues a test article has been prepared which should provide
initial experimental data on winding properties and cool down and benchmark
analyses.

The first test coil, also called as the UT racetrack coil, serves as a model for VPI,
mechanical, electrical and thermal investigations and experiments.

1.7

UT RACETRACK COIL

The UT coil represents a simplified prototype of the QPS winding pack. It was
designed and fabricated at the University of Tennessee Mechanical, Aerospace and
Biomedical Engineering Department. The coil has a racetrack shape, with a winding
path approximately 33 inches long and 7.5 inches wide. The winding pack consists of
sixteen turns of conductor in a 2x8 array. The conductor is 0.5 inch x 0.625 inch
compacted copper cable with a packing fraction of 78%. The conductor is insulated
with one (1) spiral-wrapped layer of .007-inch glass tape followed by two (2) halflapped layers of co-wound Kapton® (.0035 in) and glass (.007 in) tape.

The

conductor was wound into a stainless steel winding form that also serves as the
fixture for subsequent impregnation with epoxy. Between the winding form and the
long sides of the conductor winding pack are two strips of copper sheet, .040 inches
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thick. A 0.25 inch copper tube is brazed to the top of each of the copper strips. Four
thermocouples were co-wound with the conductor and are located at the lateral center
of the winding pack, one quarter, one half and three quarters of the distance along the
vertical dimension of the pack. The coil was vacuum impregnated with CTD 101
epoxy at PPPL using a prototypical impregnation and curing cycle. The test article
can be seen in Figures 1.10 and 1.11.

1.8

SCOPE OF THE PRESENT STUDY

This study addressed some of the key issues described earlier by developing a
thermal model of the UT racetrack coil in FEMLAB® and comparing it with
experimental data available on the test article made ready by PPPL.
The contributions made by this thesis are:
1.

The curing cycle for CTD-101 epoxy was simulated to understand the
effect of VPI (Vacuum Pressure Impregnation) on the conductor cable.

2.

An experimental study was carried out to ascertain the distortion of shape
and damage to windings during welding of the stainless-steel can to the tee
shaped winding form. A thermal model of the welding process was
developed

in

FEMLAB®

to

validate

the

experimental

study.

Recommendations were made based on these studies and were documented
and presented during the CDR (Conceptual Design Review) meeting at
Oak Ridge National Labs on June 23, 2003.
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Figure 1.10 Actual photograph showing the UT Racetrack coil ready for VPI [10]

Winding
form

Cooling
lines
Power leads

Winding
pack

Figure 1.11 UT Racetrack coil showing the cooling lines and power leads [10]
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3.

An experimental study was carried out to determine properties such as
density, specific heat and thermal conductivity of the composite (copperglass-epoxy) conductor cable and of CTD-404 epoxy.

4.

A thermal model of the UT Racetrack coil was made in FEMLAB® to
understand and calculate the cool-down time after being pulsed. A 2D
model was developed initially with different configurations to ascertain
which model would be most suitable for 3D analysis depending on
parameters such as computation time and mesh size. The following have
been discussed in the process:
a. Location of liquid nitrogen lines for maximum cooling rate.
b. Use of copper chill plates on both sides of conductor winding.
c. Cooling rate of each conductor after being pulsed for 1-2 s.
d. Temperature plots showing variations and gradients in the tee and
conductor to ascertain hotspots.
e. Temperature response with time at actual locations of thermocouples
on the UT racetrack coil, to verify the experimental results at ORNL.

1.9

SOFTWARE

FEMLAB®, which stands for Finite Element Modeling Laboratory, is a registered
trademark of COMSOL Inc. It is an advanced software package for modeling and
simulation of any physical process, which can be described by Partial Differential
Equations. It runs on a background of MATLAB® which is registered by Math Works
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Inc. It is a multiphysics modeling software, which involves multiple branches of
physics and engineering. Models can be built using the set of inbuilt PDE’s or by
defining one’s own equations or parameters.

FEMLAB® was used for all the computational work in this thesis. The equations
with the boundary conditions will be discussed in subsequent chapters.
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CHAPTER 2
SIMULATION OF CURING CYCLE
2.1

INTRODUCTION

Vacuum Pressure Impregnation (VPI) serves to impregnate the conductor cable
immersed in liquid epoxy. The epoxy enters the voids within the cable to form a
composite. The epoxy is a thermosetting polymer which cross-links when heated to a
high temperature and forms covalent bonds with the copper. The process of heating
and cooling at controlled conditions, which allows the epoxy to cross-link with the
base material and finally solidify into a hard composite, is called curing. The curing
cycle is made up of cycles of ramped heating and constant temperature feed to ensure
the epoxy is maintained at a temperature at which it can thermo-set.
The design of the modular coil conductor cable uses a flexible cable conductor
that has been compacted into a rectangular cross-section and wrapped with Kapton®
and glass tape insulation. There are three layers of glass tape and two layers of
Kapton® in between them. The basic advantage of the flexible conductor design is
that of cost, both to purchase and wind it. After the conductor is wrapped with
insulation it is vacuum pressure impregnated with epoxy to complete the insulation.
VPI also serves to make the cable hard and free of moisture so that it can give a rigid
structure that will not move and disrupt the magnetic field, which is very important
for the functioning of QPS. The basic disadvantage of this design concept is the loss
of copper area compared to a solid conductor. It has been outlined in [7] that a
packing fraction of 75% can be assured although 80% is theoretically possible. A
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design concept free of VPI will not provide confidence that conductor motion will not
cause fatigue failure. Also since the winding path is highly contoured it is not feasible
to use an all-solid conductor. The conductor cable after VPI forms a monolithic
copper-glass-epoxy composite.
The National Compact Stellarator Exchange (NCSX) program at Princeton
Plasma Physics Laboratory uses the CTD 101 formulation epoxy for VPI whereas
QPS uses the CTD 404 formulation. CTD 101 and 404 are products of Composite
Technology Development, Inc. The curing cycle simulation in this thesis was
developed for CTD 101 epoxy.
During curing thermosetting resins solidify due to the cross-linking of the
polymeric chains. Residual stresses occur due to the simultaneous curing shrinkage
and solidification of the resin. Also the high temperatures to which the epoxy and the
base metal is subjected causes thermal stresses to develop which can lead to
mechanical failure. The residual stresses cause deformations, shape inaccuracies and
also initiation of damage in the composite products. Hence it is important to
determine the temperature field and also high stress concentration areas in the ‘tee’
structure. The alternate expansion and contraction of steel and copper due to curing is
investigated and the temperature field is plotted.
Two types of models have been investigated. The first one is a 3D model which
was used to obtain the actual time for heating, adiabatic cooling and constant
temperature boundary conditions. The data sheet for CTD 101K only gives the time
for curing which for computer simulation would translate to constant temperature
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boundary conditions. In order to obtain those curing temperatures, external heat has to
be provided which has to be done in an alternate heating and cooling fashion to get
uniform heating throughout copper. During curing the steel structure with the copper
conductor cable is immersed in an epoxy bath and heated. Tests indicate the epoxy
and the copper have the same rise in temperature. In this study, tests were carried out
on a single strand of copper immersed in the epoxy. The simulations in this thesis are
for an inch-long ‘tee’ cross-section. The time periods for heating and cooling were
determined using these simulations. These would serve as a guide to actual VPI tests
on the racetrack coil.
After obtaining the heating and cooling cycle times from the 3D model, they were
directly applied to the 2D actual representative model of the ‘tee’ and the rise in
temperatures compared to that of the 3D model. The temperature field and gradients
have been plotted to observe the different heating zones and hotspots.

2.2

CTD 101K EPOXY FORMULATION

CTD 101K, a product of the Composite Technology Development, Inc., is a
modified anhydride cured epoxy system with excellent performance at cryogenic
temperatures, and excellent radiation resistance. It is formulated with a very long pot
life to enhance VPI. The curing temperatures are shown in Table 2.1 [21].
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Table 2.1 Curing times and temperatures
Time (hours)

Temperature

Cure

5

Post Cure

16

110 ˚ C
= 383 K
= 230 ˚ F
125 ˚ C
= 398 K
= 257 ˚ F

The plot showing the curing cycle (Ref: Composite Materials Lab, University of
Tennessee) can be seen in Figure 2.1. The experiments were conducted with ramp
times of 10 minutes and curing times and temperatures taken from the material data
sheet. A single strand of copper conductor was Vacuum Pressure Impregnated with
CTD 101K epoxy and its Young’s modulus and yield stress were measured.

2.3

SIMULATION OF CURING CYCLE FOR 3D MODEL OF ‘TEE’

2.3.1

DESCRIPTION OF MODEL AND PROPERTIES

The 3D model consists of the steel ‘tee’ structure with the copper conductors as
solid blocks on both sides of it. The block is taken to be an inch thick and is made up
of AISI 316 Stainless Steel. The block is 7.2 inches long and 4.7 inches wide. The
copper blocks are 4.7 inches long and 4.5 inches wide. There is a thin strip of copper
0.063 inches thick joining the blocks of copper. Figure 2.2 shows the steel ‘tee’ block
with the copper blocks and strip.
Table 2.2 shows the steel and copper properties used for all calculations and
simulations [15].
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Figure 2.1 Curing cycle and loading conditions for CTD 101 K (Ref: Composite

Materials Lab, University of Tennessee)
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Pure
Copper

Stainless
Steel.

Figure 2.2 3D model of the ‘tee’
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Table 2.2 Material properties used in simulations at 300 K
Material

Stainless steel
AISI 316
Pure copper

2.3.2

Thermal
Conductivity
W/m K

Density

Specific Heat

Kg/m3

J/Kg K

13.4

8238

468

401

8933

385

BOUNDARY CONDITIONS

The rise in temperature from room temperature of 21 ˚ C to the first ramped
temperature of 110 ˚ C is about 89 ˚ C, whereas for the second ramp the rise in
temperature is about 15 ˚ C. In order to simulate the rise in temperature during curing,
the amount of heat needed to get the same rise in temperature in the copper had to be
calculated. Since the properties of copper and the dimensions of the blocks with the
strip are known, the heat required to raise the copper temperature during both ramps
was calculated. It was ascertained that about 86 KJ of heat is required for the first and
about 14 KJ for the second ramp.
Flux boundary conditions were applied on the sides of the 3D block. The top and
bottom face were insulated since it was assumed that this block represents a part of a
larger section of the ‘tee’ and has been cut from it. In order to achieve the exact
temperatures of curing, alternate intervals of heating and adiabatic conditions (pause
in heating) were applied to facilitate uniform temperature rise.
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Table 2.3 Modified curing cycle for the ‘tee’ section
Cycle

Time (minutes)

First ramped heating

10

Adiabatic condition (pause in heating)

5

First ramped heating

10

Adiabatic condition (pause in heating)

5

Constant curing temperature of 380 K

300 (5 hrs)

Second ramped heating

25

Adiabatic condition (pause in heating)

5

Constant curing temperature of 398 K

960 (16 hrs)

Heating was done for 10 minutes and then a pause for 5 minutes. After the first
ramped temperature was reached constant curing temperature conditions were applied
at the sides. This was followed by a similar procedure for the second ramp. The
heating, adiabatic condition, and constant temperature cycles can be seen in Table
2.3.

2.3.3

RESULTS

Simulations were run and the results have been presented at the times shown in
Table 2.3, in Figures 2.3 to 2.10. As seen in the figures the alternate heating and
adiabatic condition regimes helps spread the heat from the steel to the copper and in
raising the temperature of copper uniformly.
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Figure 2.3 Temperature at the end of the first 10 minute heating cycle

Figure 2.4 Temperature at the end of the first 5 minute adiabatic cycle
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Figure 2.5 Temperature at the end of the second 10 minute heating cycle

Figure 2.6 Temperature at the end of the second 5 minute adiabatic cycle
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Figure 2.7 Temperature at the end of the 5 hour constant curing temperature cycle

Figure 2.8 Temperature at the end of the 25 minute heating cycle
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Figure 2.9 Temperature at the end of the 5 minute adiabatic cycle

Figure 2.10 Temperature at the end of the 16 hour constant curing temperature cycle
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2.4

SIMULATION OF CURING CYCLE FOR 2D ACTUAL CROSS
SECTION OF ‘TEE’

2.4.1

DESCRIPTION OF MODEL AND PROPERTIES

The 2D actual cross-sectional model of the ‘tee’ contains the full detail regarding
the conductors, ground wrap, inner, outer insulations and the proposed glass
insulation. Figure 2.11 shows the various regions in detail. The main ‘tee’ structure is
about 8.6 inches long and 9.3 inches wide. The copper conductors are wrapped with
the Kapton® + glass layers surrounded with a copper cladding. The properties used in
these simulations are listed in Table 2.4.

T-section: Stainless Steel
Gap: Glass
Cladding: Pure copper
Outer Insulation: Kapton®
Inner Insulation: Kapton®+Glass
Conductors: Pure Copper

Figure 2.11 Actual 2D cross-section of the conductor cable
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Table 2.4 Material properties used in FEMLAB® model to simulate curing cycle
Thermal
Conductivity
W/m K

Density

Specific Heat

Kg/m3

J/Kg K

Stainless steel
AISI 316
Pure copper

13.4

8238

468

401

8933

385

Glass fiber

0.036

105

795

Kapton®

0.12

1.42 x 103

1.09 x 103

Kapton®+Glass

0.042

631

913

Material

Type of Sub
domain

T-section and
outer can
Cladding and
conductors
Gap between
can and Cu
cladding
Ground or
outer
insulation
Inner
insulation

2.4.2

BOUNDARY CONDITIONS

The boundary conditions used here are similar to those used for the 3D model.
There is alternate heating and an adiabatic condition followed by the cure and postcure constant temperature boundary conditions. Heat flux is applied on all sides to
emulate the conditions when the ‘tee’ is immersed in the epoxy bath.

2.4.3

RESULTS

For times presented in Table 2.3, the simulation results are shown in Figures 2.12
to 2.19. It is observed that the insulation layers prevent the copper from getting heated
up faster as compared to the 3D case.
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Figure 2.12 2D cross-section plot at the end of the first 10 minute heating cycle

Figure 2.13 2D cross-section plot at the end of the first 5 minute adiabatic cycle
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Figure 2.14 2D cross-section plot at the end of the second 10 minute heating cycle

Figure 2.15 2D cross-section plot at the end of the second 5 minute adiabatic cycle
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Figure 2.16 2D cross-section plot at the end of the 5 hr curing temperature cycle

Figure 2.17 2D cross-section plot at the end of the 25 minute heating cycle
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Figure 2.18 2D cross-section plot at the end of the third 5 minute adiabatic cycle

Figure 2.19 2D cross-section plot at the end of the 16 hour constant curing

temperature cycle
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At the end of the first ramp of heating the conductors near the edges reach
temperatures of 360 K, which is about 20 degrees less than curing temperature of 380
K. The other conductors are at much lower temperatures. The rise in temperature in
this case is more non-uniform and can be attributed to the complexity of the
conductor cable. It is observed that the adiabatic regimes cause heat to flow from the
bulky top portion of ‘tee’ to the conductors. This accounts for the introduction of
these regimes in between the heating ones to smoothen out the temperature gradients
and reduce any thermal stresses if present.

2.5

DISCUSSIONS AND COMPARISON OF RESULTS

The simulations in the previous two sections emulate the curing cycle in order to
determine the behavior of copper and steel under these conditions. There needs to be
a uniform rise in temperature of copper, which is observed for the 3D case but not for
the 2D actual cross-section. A comparison of results between the 3D and the 2D cases
are shown by comparing temperature in each model at two different locations. One of
them is in the middle of the copper block and the other is in the middle of the vertical
‘tee’ section at the same horizontal level (see Figure 2.20). The temperature plot can
be seen in Figure 2.21. The plot looks very similar to the curing cycle plot for the
epoxy. The 3D case seems to emulate the curing cycle more than the 2D case. But the
2D case by itself shows that the rise in temperature in both copper and steel is on an
average within 5-15 K of each other.
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T2

T1

Figure 2.20 Locations where comparison in temperatures was made between 2D

and 3D cases.
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Temperature comparison between 3D simple
model and 2D actual model at specific locations
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Figure 2.21 Comparison of temperatures at T1 and T2 for 2D and 3D cases.
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The temperature gradients in steel, which are larger, are seen smoothened out by
the adiabatic and the constant temperature regimes. Due to memory and convergence
considerations a 3D actual cross-section case is difficult and costly to run. However
the results presented here in the form of temperature plots and curing cycle times give
ample information that the 2D case will provide sufficiently accurate results for an in
depth residual stress analysis due to thermal gradients.
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CHAPTER 3
MODELING AND EXPERIMENTAL VERIFICATION OF
WELDING PROCESS
3.1

INTRODUCTION

Welding is a materials joining process in which two or more parts are coalesced at
their contacting surfaces by the suitable application of heat and/or pressure. The
assemblage of parts that are joined by welding is called a weldment. Welding is
mainly divided into two major categories—fusion welding, in which coalescence is
accomplished by melting the two surfaces (in some cases adding filler material) and
solid-state welding, in which heat/pressure are used to achieve coalescence.

3.1.1

TIG WELDING (GTAW)

TIG (Tungsten Inert Gas) welding also known as GTAW (Gas Tungsten Arc
Welding) is a process in which an electrical arc is established between a tungsten
electrode and the part to be welded. To start the arc, a high voltage is used to break
down the insulating gas between the electrode and the part. Current is transferred
through the electrode to create an electrode arc. The metal to be welded is melted by
the intense heat of the arc and fuses together either with or without a filler material.
The arc zone is filled with an inert gas to protect the tungsten electrode and molten
material from oxidation and to provide a conducting path for the arc current. [11]
In order to model a welding process, parameters such as welding current, weld
speed, arc length, tungsten electrode shape and size etc. play a very important role.
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Also to simulate the heat input process computationally, the melting point, latent heat
of fusion, and area of application of heat are the most important parameters.

3.1.2

BACKGROUND

During the Conceptual Design Review (CDR) of the QPS project, the problems
associated with the welding process required in the containment of the conductor
prior to the imposition of Vacuum Pressure Impregnation (VPI) were addressed [12].
The following issues were addressed:
1. Damage to the conductor or its insulation wrapping during the TIG welding
process.
2. The transient temperature field during the welding process.
3. Vacuum testing of the containment can.
4. Residual stress analysis of the structure based on the results in part (b)
This thesis serves to address the first two issues. The other items will be addressed in
other studies.

To address these issues the following steps were taken: 1. An experiment was designed to (a) weld two flat steel sheets, and (b) weld
a flat sheet with a small steel block. Visual assessment of the damage to
the conductor and its wrappings were made. Experimental data on
temperature and welding power input as function of time were collected.
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2. Several small tests were carried out in open flame to ascertain the melting
and discoloring temperatures of the insulation and the temperature drop
across the fiberglass wrapping.
3. Then models for the thermal analysis of these test welds were developed
using FEMLAB®. The models included the three steel pieces (two flat
sheets and one small block) and incorporated the experimental results to
verify the modeling procedure and parameters (most importantly, the way
in which heat flux at the weld zone should be addressed).
4. A FEMLAB® model of the T section and the steel containment of the
copper conductor was developed using features based on the verified
model in the previous section. The results for temperature field and other
information obtained from this calculation will be used to calculate
thermal residual stress during and after the welding process elsewhere.

3.2

EXPERIMENTAL MODEL

Two separate TIG welding tests were conducted at the University of Tennessee
Mechanical, Aerospace and Biomedical Engineering (MABE) Department in order to
ascertain parameters such as weld speed, weld radius i.e. effective area over which
the heat flux has to be applied, temperature data with respect to time, and welding
power input in the form of DC current and voltage. The damage to the conductor
during and after welding was examined visually. Also knowing the maximum
temperature rise away from the weld zone helps in deciding the locations where the
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temperature response should be studied in a computational model. The two tests have
been examined separately in the following sections.

3.2.1

TIG WELDING OF TWO THIN STEEL SHEETS

The first test involved two sheets of AISI 316 stainless steel, 0.06 in thick, being
welded with the copper conductor clamped to the corner on the opposite side of the
weld. The conductor is wrapped with a layer of fiberglass followed by two layers of
fiberglass with Kapton®. Thermocouples were used at three locations shown as T1,
T2 and T3 in Figure 3.1. The weld area is illustrated in Figure 3.2. Digital
thermometers were used to record the temperatures. Simultaneous DC voltage and
current input to the weld electrode was displayed on a monitor and recorded on video.
The two sheets were welded in the middle forming an L shape as shown in Figure 3.3.
The recorded temperatures and input power were later transcribed to provide
temperature as a function of time. The recorded temperature data has been plotted in
Figure 3.4. As expected the highest temperature is recorded by the thermocouple in
the corner of the L-shaped geometry (T2). The temperature data can be seen in
tabulated form as Table A.1 in Appendix A.
Several important conclusions can be made from the observations and
measurements:
1. No damage was observed to the conductor or its insulation. The glass
insulation did not discolor and remained white and soft to touch.
2. Maximum temperature reached anywhere on the insulation was 240 ˚ C (T2).
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Figure 3.1 Welding geometry with location of thermocouples

Figure 3.2 3-D view showing weld area for thin steel sheets
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Sheet 2

Sheet 1

Figure 3.3 L shaped weld

TIG Welding Data for Thin Sheet Metal Pieces
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Figure 3.4 Temperature response at three thermocouple locations for thin steel sheets
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3. It was observed that the welding of the two sheets could be accomplished with
relative ease. The bead could be formed quickly and the welding moved
rapidly, which allowed a short residence time for the arc at any location.
4. Total welding time was 50 seconds and the total length of the weld area was
2.95 inches.

3.2.2

TIG WELDING OF A THIN STEEL SHEET TO A BLOCK OF
STEEL

The second test involved welding a sheet of AISI 316 steel, 0.06 inches thick to a
block of steel as shown in Figure 3.5. The copper conductor was clamped to the
corner behind the weld as in the previous case as shown in Figure 3.6. The welding
machine, thermocouples and digital thermometers were used from the previous setup.
The displays were recorded and then later the temperatures were transcribed as a
function of time.
The welding process in this test was comparatively slower and much more power
was needed to form the bead on the thicker block to weld with the thin sheet. As a
result resultant temperatures are found to be higher. The temperatures recorded at the
thermocouple locations have been plotted and can be seen in Figure 3.7. The
temperature can be seen in tabulated form as Table A.2 in Appendix A. This case
hence is more important with regard to conductor damage or insulation burnout.
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Figure 3.5 Geometry for welding of thin sheet to thick block of steel

Figure 3.6 3-D view showing weld area for thin sheet to block of steel
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TIG Welding of Thin Sheet Metal with the Small Steel
Block
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Figure 3.7 Temperature response at three thermocouple locations for thin sheet to

block
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This case would also be very important for calculating residual stresses. Some of
the important observations were as follows:
1. Visual observations indicated no damage to either the conductor or the
fiberglass wrapping.
2. Some discoloring was observed in the outer layer of the insulation. The
insulation was slightly yellowed and seemed less smooth to the touch.
3. More power was required to weld in this case and higher temperatures were
observed. The maximum temperature measured was 400 ˚ C.
4. The temperature of the block, which acted as an effective heat sink, decreased
very slowly and remained very warm to the touch long (5-10 minutes) after
the completion of the test.
5. Total welding time was 120 sec. and the weld length was 4 inches.

3.3

OPEN FLAME TESTS

Several small tests were done to ascertain the melting and discoloring
temperatures of the insulation, and the expected temperature drop across the
fiberglass wrapping. One piece of fiberglass and one piece of fiberglass with Kapton®
were used for this purpose. An open Bunsen burner flame was used to heat the
samples. A thermocouple was used to measure the surface of the fiber directly
exposed to the flame and a second measured the temperature on the other side of the
fiber sheet away from the flame. The results are summarized in Table 3.1.
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Table 3.1 Insulation temperatures obtained from open Bunsen burner flame tests

Entity

Approximate temperature

Open Flame Temperature

1800 ˚ F (980 ˚ C)

Melting Point of fiberglass

1500 ˚ F (820 ˚ C)

Melting Point of Kapton®

800 ˚ F (430 ˚ C)

Fiberglass Insulation Flame side temp

870 ˚ F (460 ˚ C)

Fiberglass Insulation Side away from

830 ˚ F (440 ˚ C)

flame
Glass + Kapton® Flame side temp

1000 ˚ F (540 ˚C)

Glass + Kapton® Side away from flame

960 ˚ F (515 ˚C)

It is noted that across a single layer of fiberglass a temperature difference of 20 ˚C
and across the glass and Kapton® layer a temperature drop of 25 ˚C is observed. The
Kapton® and fiberglass insulation is shown in Figure 3.8.

SIMULATION OF WELDING EXPERIMENTS IN FEMLAB®

3.4

During welding, the thermal cycles produced by the moving heat source cause
metallurgical change, transient stress, and metal movement, which often results in the
creation of residual stress and distortion in the finished product. Also during the
cooling cycle defects may form due to excessively rapid weld solidification. In order
to analyze these problems, it is essential to start with an analysis of thermal behavior.
[13]
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Fiber Glass
insulation

Kapton®
insulation

Figure 3.8 Kapton® and fiberglass insulation

The experimental study formed a basis for developing a thermal model in
FEMLAB® and validating the results. Since the flow of heat in this case is 3-D, a 3-D
model served appropriate to exactly emulate the experimental conditions. But many
constraints such as computational time, memory and meshing often make a 2-D
model very convenient. Fortunately when the weld speed relative to a characteristic
thermal diffusion rate for the material is sufficiently high, the amount of heat
conducted ahead of the weld torch is small relative to the total heat input. Under these
conditions, the net heat flow across any infinitesimally thin slice of the weldment
normal to the weld line is assumed to be negligible relative to heat diffused within the
slice itself. Under these conditions a 2-D model will be accurate [14]. A 2-D model
makes it possible to quickly iterate on various input parameters and incorporate the
experimental data in the verification of the modeling parameters and procedure.
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3.4.1

MODEL AND PROPERTIES

Welding tests were carried out to measure transient temperatures. The geometric
model can be seen in Figure 3.9. The property data used in simulation were at 300 K
[15]. The specific heat and thermal conductivity for AISI 316 steel are however
temperature dependent (see Table A.3 in Appendix A). But as seen in the experiment,
the insulation and copper do not reach high temperatures; hence their properties are
assumed practically constant. The insulation was fine glass fiber organic bonded and
Kapton® type 100 HN film (Kapton® is the registered product of DuPont [16]). For
specific heat and density calculations, the ratio of Kapton® + glass was taken as 2:3
which is also the ratio of layers of insulation on the conductor. Thermal conductivity
was calculated using the correlation for thermal conductivity of a composite wall
assuming Kapton® and glass layers to be placed in series. The transverse and axial
conductivity was assumed to be constant.

3.4.2

BOUNDARY CONDITIONS

Various boundary conditions were used to model the flux at the welding zone and
the resulting computed temperature results were compared with the experiment. It
was found that a convenient model for the weld flux boundary condition needed to
obtain desired output as compared with the observed values in the experiment is a
combined transient heat flux and temperature boundary condition as shown in Figure
3.10. It is made up of a 0.01 sec application of a Gaussian heat flux followed by a
constant (melt) temperature boundary condition for 1.5 sec.
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Figure 3.9 Expanded view of welding model

Figure 3.10 Flux and temperature boundary conditions for the test cases
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The remainder of the boundary condition is cooling by natural convection and
radiation. The melting temperature of steel is taken from [17] and can be seen in
Table A.4 in Appendix A.
The basic input parameters required for thermal analysis of a weld are the
magnitude of the heat input from the welding arc, the distribution of that heat on the
surface of the weldment, and the weld speed. The magnitude of heat input is given
by:
Q = ηVI

… (3.1)

where η is the arc efficiency, V is the arc voltage and I is the current.

Following the approach from [14], the heat from the arc is, at a given time,
assumed to be deposited on the weldment surface as a radially symmetric normal
distribution function. The heat flux q(r) acting on the surface is defined by the
flowing equation.
q(r ) =

3Q

π r2

exp[−3(

r2
r2

)]

… (3.2)

r is the distance from the centre and r is a characteristic radial dimensional
distribution parameter that defines the region in which 95 percent of the heat flux is
deposited. From the studies [14] η was selected as 0.5. From experimental
observations it was found that r = 3/16 inch. r is the effective area over which the heat
flux is applied. In our case r is given as:
r 2 = x2 + y 2
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… (3.3)

where x, y are the Cartesian coordinates in the weld zone.
All the surfaces were subjected to convective boundary conditions. The
correlations for natural convection over a vertical plate, horizontal plate (upper or
lower surface heated) were used from [15] to calculate the heat transfer coefficients.
Radiation boundary condition was applied at the weld zone where the temperature
was significantly higher than the initial conditions. For natural convection over a
vertical plate, the Raleigh and Nusselt numbers are defined by:

Ra L =

gβ (Tavg − T∞ ) L3

να
hL
k

Nu L =

All properties of air are calculated at T f =

… (3.4)

… (3.5)

Tavg + T∞
2

… (3.6)

For surfaces away from the weld zone the average temperatures do not rise much
above the initial values, properties of air were calculated at 300 K.

The Nusselt number for natural convection over a vertical plate can be calculated as:
1/ 6

0.387 Ra L
Nu L = {0.825 +
}2
0.492 9 / 16 8 / 27
) ]
[1 + (
Pr
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… (3.7)

For natural convection over a horizontal plate with upper surface heated the Nusselt
number can be calculated as:

Nu L = 0.54 Ra L

1/ 4

… (3.8)

For natural convection over a horizontal plate with lower surface heated the Nusselt
number can be calculated as:
Nu L = 0.27 Ra L

1/ 4

… (3.9)

The heat transfer coefficient can then be calculated as a function of temperature of
surface and initial temperature from equation (3.5).
Radiation boundary condition is calculated from the following expression:

q = εσF1− 2 (Tavg − T∞ )
4

4

… (3.10)

where ε = 0.28 for steel and σ = 5.67051 x 10-8 W/m2K4 [18].

3.4.3

RESULTS AND DISCUSSIONS

The results of the FEMLAB® model are compared and presented with the
experimental data in Figure 3.11. As observed, the computational model slightly
overestimates (about 15%) the temperatures at T1 and T3. These differences are
expected because the model is 2D and the heat transfer in third direction is absent. As
a result an overestimate of temperatures in the 2D model is expected. Furthermore,
the overestimate of the temperature increases with the distance away from the
location of the application of the heat flux.
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Figure 3.11 Comparison of experimental data with thermal model results
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This is the reason that T2 (at the corner of the conductor and closest location of
the weld, see Figure 3.11) is predicted much more accurately as compared to T1 and
T3. Because the computed higher values of temperature and temperature gradient in
the 2D model provide overestimates of what is expected in similar 3D model of
welding, they are safe to use as an upper limit for all 3D calculations and estimates.
The time in the experimental data is measured from the location of maximum
temperature observed for T2. This makes it possible to model a 2D heat transfer
match as closely as possible to a 3D experimental test.

3.5

MODEL FOR WELDING OF THE CONTAINMENT CAN

3.5.1

MODEL AND PROPERTIES

The modeling features and welding parameters used and verified in the two test
cases became the basis to develop a 2D model of the ‘tee’ section and its welding to a
can made up of 0.04 inch-thick AISI 316 stainless steel sheets. The model was
developed to understand the behavior of the containment can under similar conditions
of welding. The effect of welding on the insulation and conductor is one of the key
issues to observe and analyze. The cross section of the conductor coil can be seen in
Figure 3.12. This figure shows all the insulation layers clearly and is one of the
configurations for which a thermal model is to be developed. The material properties
are presented in Table A.5 in Appendix A.
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T-section: Stainless Steel
Gap: Glass
Cladding: Pure Copper
Outer Insulation: Kapton®
Inner Insulation: Kapton®+Glass
Conductors: Pure Copper

Figure 3.12 Cross section of the conductor cable with copper and insulation
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The welding of the thin can to the thicker cross-section was the key simulation
case because this case is more important with regard to residual stresses. The welding
at the top and bottom of the ‘tee’ section was considered as shown in Figure 3.13.
Due to symmetry only half of the domain was considered.
As discussed earlier in order to save computational time and memory a 2D model
was used. It was assumed as before that the heat transferred in the z-direction is
negligible and not as important as in the x-y plane.

3.5.2

BOUNDARY CONDITIONS

The Gaussian heat flux was used for the weld zone for 0.01 sec followed by a 1.5
sec of constant temperature. The temperature at which it would be held constant was
taken to be approximately 2000 ˚C, which is slightly higher than the melt temperature
to accommodate for the addition of latent heat. After this time the weld area was
allowed to cool up to 60 seconds by natural convection and radiation. The heat
transfer coefficients were calculated using the natural convection for vertical and
horizontal plates using correlations from [15]. Radiation boundary condition was
applied wherever the temperatures were very high as compared to the initial
conditions. The equations (3.1) to (3.10) were used to develop expressions for the
boundary conditions.
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Welding
at top

Welding at
bottom
Figure 3.13 Model for welding of containment can
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3.5.3
3.5.3.1

RESULTS AND DISCUSSIONS
WELDING AT THE TOP OF THE ‘TEE’ SECTION

The results indicate a growth and decay of temperature values at various
locations. Five points were selected at the intersections of each insulation layer as
shown in Figure 3.14. The temperature response with respect to time is shown in
Figures 3.15 and 3.16. These locations were selected since they would make it easier
to determine the relative drop in temperature across each insulation layer. This
determination will help to reach conclusions about the addition or removal of more
layers. It would also confirm whether there would be any burn out of the Kapton® or
glass insulation and effects on the conductor.

1-2
2-3
3-4
4-5
6

Kapton® +
Glass
Kapton®
Cu cladding
Glass
Highest

Figure 3.14 Important temperature locations at top of tee
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Figure 3.15 Temperature at locations 1 to 5
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Figure 3.16 Temperature at 6th location
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It is of interest to note that the maximum temperature encountered is directly
below the edge of the steel block and the sheet and has a value of 750 ˚C (fiber glass
melt temperature is about 820 ˚C). This is larger than the values obtained in the
previous case in part because the sheet of steel used here is 0.040 inches thick as
compared to the 0.060 inches thick sheet used in experiments and their modeling in
FEMLAB®. The surface temperatures for other layers remain below a maximum of
150 ˚C. As discussed earlier it is also important to emphasize that the temperatures
calculated here are expected to be conservative and upper limits for temperatures in a
3D model. Based on the two tests performed, the temperatures in the 3D case will be
probably as much as 15% smaller when compared with the 2D results.

3.5.3.2

WELDING AT THE BOTTOM OF THE ‘TEE’ SECTION

As in the previous case five points were selected at the intersection of each
insulation layer as seen in Figure 3.17. The temperature history can be seen in Figures
3.18 and 3.19.
The temperature at the edge of the conductor practically remains at room
temperature indicating no damage to the conductor whatsoever. The maximum
temperature at the edge of the gap between the copper cladding and steel can is the
highest recorded (about 225 ˚C). The other temperatures are all below 75 ˚C,
indicating no damage to the glass or Kapton® insulation layers. The maximum
temperature in the weld zone is above the melt temperature of steel, which is around
1450 ˚C.
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Figure 3.17 Important temperature locations at bottom of tee

Figure 3.18 Temperature at locations 2 to 6
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Figure 3.19 Temperature at 1st location
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To effectively model the entire process, latent heat of melting has to be added
once melt temperature is reached. The latent heat of steel is approximately 336 KJ /
Kg. This addition of heat would cause a temperature rise of around 700 ˚C which has
been incorporated by the constant temperature boundary condition in welding the can
at the top of the ‘tee’ section. The melting temperature of steel is 1450 ˚C, whereas
the constant temperature boundary conditions applied was around 2100 ˚C. It can thus
be concluded that using a melting model would not provide longer uncertainty than in
the present case. Hence the boundary conditions from the experimental modeling case
were directly taken and applied for the actual ‘tee’ model. The temperature history for
both welding cases at top and bottom were given for calculating residual stresses. The
results from that independent study indicated little or no distortion to the ‘tee’
structure. These results also matched the independent welding experiments carried
out at Oak Ridge National Labs, which provides further confidence in the model and
serves as additional validation of the model.
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CHAPTER 4
EXPERIMENTAL DETERMINATION OF COPPER-GLASSEPOXY COMPOSITE PROPERTIES
4.1

INTRODUCTION

The conductor cable used in the modular coil set to generate the magnetic field
when pulsed with a very high current is made up of mainly copper wrapped with
insulation layers of Kapton® and glass. The flexible conductor is fitted with a nylon
sleeve first and then wrapped in three layers of glass and two layers of Kapton®. This
cable is then wound around the ‘tee’ structure. The entire ‘tee’ with coil is then
immersed in the epoxy for Vacuum Pressure Impregnation (VPI). The result is a
compacted conductor cable in the form of a copper-glass-epoxy composite. Figures
4.1 and 4.2 show the conductor cable before and after compaction. Two kinds of
epoxy are being used for tests at UT. The NCSX coil uses CTD 101 epoxy whereas
the QPS coil uses CTD 404. The experimental tests carried out for determination of
properties were conducted on CTD 404.
To simulate any process, properties of all the materials have to be determined.
Since the model of the ‘tee’ was to be used after VPI to determine cool down time,
the properties of the conductor cable after compaction were needed. Experiments
carried out in this study were done to determine the density, specific heat and thermal
conductivity of the composite material. These properties were later used in the model
to calculate cool down time and validate other issues.
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Figure 4.1 Conductor cable before compaction

Figure 4.2 Conductor cable after compaction
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The CTD 404 epoxy piece was prepared in another study and provided. A vacuum
pressure impregnated test piece was also obtained from ORNL to carry out the tests.
Figures 4.3 and 4.4 show the test pieces that were used in these experiments.

4.2

DENSITY

Density was measured by calculating the ratio of the mass of the piece and the
volume of water displaced by immersing it in a graduated cylinder. Volume was
measured by a graduated cylinder and mass by a trip balance. Density was calculated
for both the test pieces at room temperature (300 K).
Care was taken to see that no water is lost during the experiment. The least count
of the mass balance is 0.1 grams and the graduated cylinder is 1 ml. Table 4.1 shows
the recorded mass and volume of water displaced for the composite test piece and
epoxy. The uncertainty in mass measurements was 0.05 grams and 0.5 ml in volume
measurements.
The following results were obtained for the density of the test pieces:
copper-glass-epoxy composite

ρcomp = 6250 kg/m3

epoxy

ρepoxy = 1650 kg/m3

If ρCu = 8933 kg/m3 at 300 K,
% copper in composite

63% approx.

% epoxy in composite

37% approx.
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Figure 4.3 CTD 404 epoxy test piece

Figure 4.4 Copper-glass-epoxy composite test piece
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Table 4.1 Recorded experimental values for density measurement
Material

Mass
(grams)

composite
epoxy

12.5
1.65

Volume of water
displaced
(ml)
2
1

According to metallurgical studies on the compacted cable, percentage of copper
in cable is around 80. This suggests that those results overestimate the percent of
copper in the composite. The present results presented match well with other
independent measurements reported form ORNL.

4.3

SPECIFIC HEAT

Specific heat (at constant pressure), is defined as the amount of heat required by a
unit mass of substance to raise its temperature by a unit degree at constant pressure.
The measurement of specific heat is sensitive to temperature losses and thermocouple
errors.
The apparatus used for these experiments consisted of a beaker, Bunsen burner,
wire gauze, two copper-glass-epoxy composite pieces, epoxy test piece, omega make
digital thermometer to read the thermocouple readings, holder, styrofoam cups, trip
balance and two ‘k’ type thermocouples.
The experiment dealt with raising the temperature of the specimen by immersing
it in boiling water and then immediately transferring it to cold water, which is
insulated from the surroundings. The specimen is immersed in water long enough
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such that its temperature comes to equilibrium with that of water, and there is no
further rise in temperature.
The rise in temperature, room temperature and the masses of the specimen, empty
cup, and cold water are recorded. The loss of temperature is recorded by attaching a
thermocouple to the surface of the specimen, while transferring it from boiling water
to cold water. Table 4.2 shows the recorded values of masses and temperature losses.
The specific heat of the specimen is calculated using equation (4.1).
m w .cp w .(T f − T1 ) = me .cpe .(T2 − T f )

… (4.1)

where subscript ‘w’ stands for water and ‘e’ refers to specimen. T1 is the initial
temperature of water initially i.e. room temperature, T2 is the temperature to which
the specimen is heated and Tf is the final temperature of the specimen and water in
which it is immersed after coming to equilibrium.
It is assumed that there is negligible loss of heat when the specimen is put in cold
water. Also it is assumed that all the heat given out by the specimen is used to raise
the temperature of the water and there is no heat loss from the styrofoam cup to the
surroundings. These losses are difficult to measure and quantify and are assumed
negligible.

The recorded values of temperature and the calculated values of specific heat for
the composite piece can be seen in Table 4.3 and for the epoxy piece in Table 4.4.
The uncertainty in these measurements was 0.05 ˚C. The last five runs in Table 4.3
were done with mw = 13.3 grams i.e. specimen 2.
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Table 4.2 Pre-experiment recorded values for specific heat measurement
Entity

Value

Mass of copper-glass-epoxy composite
specimen 1

12.5 grams

Mass of copper-glass-epoxy composite
specimen 2

13.3 grams

Mass of epoxy piece

1.65 grams

Mass of empty styrofoam cup

6.4 grams

Loss of temperature in case of epoxy(Le)

3 ˚C

Loss of temperature in case of
composite(Lc)

5 ˚C

Boiling point of water (Tboil)

100 ˚C
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Table 4.3 Specific heat results for composite piece
mw+mcup
grams

mw
grams

T1
˚C

T2
˚C
(Tboil-Lc)

Tf
˚C

Cp
J/g ˚C

95.4
87.1
88.1
123.7
78.2
97
71.9
91.6
35.5
36.3
36.5
36.5
36.7
37.8
36
37
36.5
36.2
38.2
35.4
85.5
85.4
85.5
85.7
85.9

89
80.7
81.7
117.3
71.8
90.6
65.5
85.2
29.1
29.9
30.1
30.1
30.3
31.4
29.6
30.6
30.1
29.8
31.8
29
79.1
79
79.1
79.3
79.5

23
23
23
23
22.9
23.5
23.6
23.7
22.9
23.4
23.3
23.5
23.5
22.4
23.2
23.2
23
23.2
23.3
23.5
23.8
23.8
23.7
23.8
23.8

95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95

24.2
25
24.9
23.9
24.3
25
25.1
24.8
26.6
26.9
26.9
27.6
27.1
25.8
26.9
26.6
26.7
26.4
26.4
27.3
25.6
25.1
25.1
25.2
25.1

0.5049
0.772
0.741
0.497
0.476
0.650
0.470
0.447
0.527
0.514
0.533
0.613
0.538
0.516
0.538
0.509
0.546
0.465
0.481
0.545
0.645
0.462
0.498
0.5
0.465

86

Table 4.4 Specific heat calculations for epoxy piece
mw+mcup
grams

mw
grams

T1
˚C

T2
˚C
(Tboil-Lc)

Tf
˚C

Cp
J/g ˚C

75.3
102.3
85.1
75.8
117.2
85.6
85.7
85.5
86.2
85.7

68.9
95.9
78.7
69.4
110.8
79.2
79.3
79.1
79.8
79.3

23.7
23.6
23.6
23.6
23.6
23.4
23.7
23.8
23.8
23.7

97
97
97
97
97
97
97
97
97
97

24.1
24.3
24.4
24.1
24
24.4
24.3
24.6
24.3
24.3

0.959
2.341
2.199
1.207
1.540
2.766
1.659
2.216
1.392
1.659

45
47.6
35.4
45.4
44.8
45.7
46
45.2
38.3
45.3
44.9
45.4
45.2
45.7
27.6
29

38.6
41.2
29
39
38.4
39.3
39.6
38.8
31.9
38.9
38.5
39
38.8
39.3
21.2
22.6

23.6
23.1
23
22.9
23.3
23.3
23.3
23.3
23.9
22.8
23
23
23.2
24.2
22.5
22.7

97
97
97
97
97
97
97
97
97
97
97
97
97
97
97
97

25
24.2
24.8
24.1
24.4
24.5
24.4
24.6
25.7
24.1
24.6
24.2
24.4
25.5
25.1
25.1

1.903
1.579
1.833
1.628
1.475
1.649
1.521
1.767
2.042
1.759
2.157
1.63
1.626
1.812
1.944
1.913

29.1
29
29.2
31.9

22.7
22.6
22.8
25.5

22.7
22.7
22.9
23

97
97
97
97

24.7
24.7
25
24.5

1.592
1.585
1.686
1.338
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The specific heat values were averaged over all the readings and are as follows: -

Cp of composite piece

538 J/Kg K

Cp of epoxy piece

1746 J/Kg K

Since Cp of copper = 385 J/Kg K, the composition of the composite is: % of copper

88

% of epoxy

12

Independent experiments have been carried out at ORNL at cryogenic
temperatures and the results indicate that the specific heat values for the cable/epoxy
composite are less than that of pure copper. The following graph (see Figure 4.5) has
been reproduced from data obtained from ORNL.
But there is no data to validate results at 300 K. Hence the results obtained by the
experiments in this study were used for all computational models. If the trend is
followed from the graph the estimated value of cable/epoxy specific heat would be
close to 400 J/Kg K. The values obtained by experiments here indicate a deviation
close to 30%.
This is expected since the specific heat experiments are very sensitive to heat
losses and other measurement errors. But since the constant value of specific heat is
used for modeling over the small range of temperatures, the error is smoothed out and
hence any predictions made by modeling are actually more accurate.
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Comparison of specific heat
500
450
Specific heat J/Kg K

400
350

Cable/Epoxy

300

Cu

250
200
150
100
50
0
0

100

200

300

400

500

600

Tem perature in Kelvin

Figure 4.5 Specific heat data on cable/epoxy composite at cryogenic temperatures.

4.4

THERMAL CONDUCTIVITY

Thermal conductivity is a material property that determines the heat flow rate in a
material medium. Thermal conductivity was measured using a TC-1000 thermal
comparator (see Figure 4.6). The thermal comparator registers the rate of cooling
experienced by the tip of a heated probe when in contact with the surface of a
material. For measurement of thermal conductivity reference standards have been
provided with the instrument (see Figure 4.7). First these reference standards are
measured and are shown to agree with the calibration curve, which is provided for
each pair of instrument and set of reference standards purchased. The thermal
comparator consists of –the sample stage module and the readout/control module.
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Figure 4.6 TC -1000 thermal comparator

Figure 4.7 Reference standards used for thermal conductivity measurements
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The sample stage module has the sensing tip and probe assembly. The
readout/control module has all the electronic circuitry for the readout of the sensing
tip and control of the thermal reservoir.

Initially the thermal comparator is connected to the power supply and allowed a
warm-up time of thirty minutes before making any measurements. The probe
temperature was set at a temperature of 20 ˚ C. After the steady state conditions were
reached, the digital voltmeter was set to zero. The specimen was placed on the center
of the sample stage and the trip lever was depressed to allow the sensing tip to make
contact with the specimen. The emf reading was taken as soon as a maximum value
was displayed on the voltmeter. The period of time required to reach this reading was
approximately 2 to 10 seconds. The reference standards for known thermal
conductivities were used for calibration. The sample with unknown thermal
conductivity was placed on the sample stage in a similar fashion and its emf
measured.

The measurements were plotted with the calibration curve and the thermal
conductivity was determined. (For more details on the circuitry and measurement in
thermal comparator, refer [19].

Thermal conductivity was measured for both the composite and epoxy pieces. The
readings were taken at three different times for different temperature settings. For
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each reference standard and sample, the readings were averaged and used for plotting
the calibration curves. Tables 4.5 to 4.7 show the readings for the composite
conductivity measurement. Figure 4.8 shows the calibration curves for the three
different sets of readings taken.
In a similar fashion the thermal conductivity of the epoxy piece was also
measured and recorded (see Table 4.8). The readings were taken for ∆T = 20.2 ˚ C,
hence the calibration curve used is the same as in Figure 4.8. The value of thermal
conductivity for the epoxy was obtained by extrapolation. The thermal conductivity
as read from the graphs is tabulated in Table 4.9 for both the composite and epoxy
pieces.
The results predict an average thermal conductivity for the composite as 11 W/m
K. Independent tests at Princeton Plasma Physics Laboratory on the UT coil suggest
a thermal conductivity of 7.5 W/m K perpendicular to the copper wires in the
composite [20]. The results of experiments in Table 4.9 are presumably for the radial
direction and represent an effective average value.
Tests were also performed by turning the sample and measuring conductivity in
other direction. This however did not provide good results. The identification of
directional conductivity requires a careful look at the micrograph. The results in
Table 4.9 are comparable to however to the ones by Princeton Plasma Physics
Laboratory. It is assumed in the present model that the thermal conductivity measured
is for the direction perpendicular to the copper wires in the composite.

92

Table 4.5 EMF values for thermal conductivity measurements of composite (Set 1)
Material

Ebonite
Glass
Fused Quartz
Titanium
Stainless Steel
Armco Iron
Composite sample

EMF
Set 1
∆T = 19.8 ˚ C
80
218
236
372
476
489
336, 277, 535, 482, 510, 523, 451,
472, 472, 499, 475
Avg.: 458

Table 4.6 EMF values for thermal conductivity measurements of composite (Set 2)
Material

Ebonite
Glass
Fused Quartz
Titanium
Stainless Steel
Armco Iron
Composite sample

EMF
Set 2
∆T = 20.1 ˚ C
84, 82, 82, 83, 82
Avg.: 82.6
210, 206, 208, 202, 206
Avg.: 206.4
233, 231, 225, 225, 222, 226
Avg.: 227
361, 358, 352, 348, 350, 348
Avg.: 353
490, 500, 486, 485, 475, 485
Avg.: 487
540, 504, 515, 511, 504, 501
Avg.: 513
445, 438, 447, 459
Avg.: 448
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Table 4.7 EMF values for thermal conductivity measurements of composite (Set 3)
Material

EMF
Set 2
∆T = 20.2 ˚ C

Ebonite

93, 89, 88, 89, 89
Avg.: 89.6

Glass

227, 217, 220, 216, 220
Avg.: 220

Fused Quartz

245, 212, 236, 238, 240
Avg.: 234.2

Titanium

395, 361, 382, 389, 382
Avg.: 381.8

Stainless Steel

540, 518, 520, 515, 508
Avg.: 520.2

Armco Iron

541, 534, 535, 536, 540
Avg.: 537.2

Composite sample

271, 315, 325, 500, 550, 450
Avg.: 402
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Figure 4.8 Calibration curves for the three sets of readings
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Table 4.8 EMF values for thermal conductivity measurements of epoxy
Material

EMF
∆T = 20.2 ˚ C

Epoxy

63, 66, 63, 67, 71, 70, 66, 63, 63
Avg.: 65.8

Table 4.9 Thermal conductivity results
Material

k W/cm ˚ C

Composite (set 1)

0.126

Composite (set 2)

0.118

Composite (set 3)

0.085

Epoxy

0.0015
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The values obtained for epoxy look reasonable since it is an insulator and also
exhibits behavior in the emf range of the given standards. Due to unavailability of
experimental data, the thermal conductivity of composite was assumed as a weighted
average of specific heat of 80 % copper and 20 % epoxy.
Directional conductivity was identified as the most important property of the
composite material and a numerical model was developed to study that. The
conductivity measurements in the axial and transverse directions give results, which
differ by one to two orders of magnitude. For a compacted conductor cable vacuum
pressure impregnated with epoxy it is often impossible to determine whether the
thermal conductivity measurements are being made in the direction parallel or
perpendicular to the copper wires. The numerical model was developed on the basis
of the micrograph of the composite material and is discussed in the next chapter.
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CHAPTER 5
DESIGN CONSIDERATIONS:
THERMAL CONDUCTIVITY ESTIMATION
5.1

INTRODUCTION

Thermal conductivity of the copper-glass-epoxy composite was estimated using
the thermal comparator and all simulations and calculations were based on these
results. In the absence of experimental data for validation and in order to predict the
results in an efficient manner, a method has been proposed to ascertain the thermal
conductivity of the composite for future design considerations. Figure 5.1 shows the
composite conductor in a 200 µm resolution micrograph. The copper fibers are spread
all over with the epoxy filling the space in between them.
The pattern of the voids is very irregular. In a unit area of copper the epoxy filled
voids could be thought of as small circles spread around all over the cross section.
The thermal conductivity of this material would be lower than the actual thermal
conductivity of copper. This concept is explored in this section where a unit area of
copper is taken filled with circular voids. The voids represent regions of epoxy that
have effectively very small thermal conductivity relative to copper. Starting with one
void and slowly increasing the number of ‘holes’, the relative thermal conductivity of
this material is measured as it is subjected to predetermined boundary conditions.
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Figure 5.1 Micrograph showing the epoxy filled voids in the copper-epoxy composite
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5.2

MODEL DESCRIPTION

The model is made up of a unit square having a circular void in it. It is made up of
copper and can be seen in Figure 5.2. For analysis a simple dirichlet hot temperature
boundary condition is applied on the left boundary and a dirichlet room temperature
at the right boundary. The hot temperature was taken to be the maximum temperature
obtained from the previous 2D model studies. The top and bottom surfaces are
subjected to adiabatic conditions. Thermal conductivity can be estimated from the
simple Fourier heat conduction law given as:

k Cu =

q&
∆T
∆x

… (6.1)

Since ∆x is unit in dimension and ∆T is the difference between the hot and cold
temperatures, equation 6.1 becomes:

k Cu =

q&
Th − Tc

… (6.2)

The material properties of copper have been taken from [15] at 300 K. The
properties are not temperature dependent since the range of temperature data is only
between 300 and 400 K. The property data can be seen in Table 5.1.
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Figure 5.2 Model of the composite with one circular void
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Table 5.1 Material property data for numerical model
Material

Pure Copper

Thermal
Conductivity W/m
K

Density

Specific Heat

Kg/m3

J/Kg K

401

8933

385

The graphs have been plotted for normalized thermal conductivity against
increase in area. The voids were used to represent a fixed percentage of area of the
unit square. The percent area was increased and normalized thermal conductivity was
plotted. The actual thermal conductivity of copper was used to normalize the results.
The simulations were carried out starting with one void and going to as many as
thirty voids. Initially the normalized thermal conductivity is plotted along the right
boundary with increasing area of void. Then an average is taken at each area and
tabulated with increasing number of voids. Finally the average thermal conductivity is
plotted for all the cases when the voids cover 20 % of the unit square. This is in line
with the composite epoxy used that is said to have a composition of 20 %. This gives
a measure of the conductivity of the composite to be used for future calculations.

5.3

RESULTS AND DISCUSSIONS

Increasing the area of the void or the number of voids lowers the thermal
conductivity of the material drastically. Figures 5.3 to 5.4 show the variation of the
normalized thermal conductivity for cases of one void and thirty voids respectively.
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Figure 5.3 Thermal conductivity along the right boundary with 1 void

Figure 5.4 Thermal conductivity along the right boundary with 30 voids
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It can be seen that in the 20 % area case the lowest thermal conductivity
encountered is around 50 % of the thermal conductivity of copper. The highest
thermal conductivity is around the 80-95 % mark. The drop in thermal conductivity is
observed at the location of the voids. This is as expected since the voids would cause
the heat flow lines to bend around them and follow the path between the voids or
between the voids and the surface of the square.
Figures for the other cases are shown in Appendix B. They were used to measure
the average thermal conductivity, which is shown in Table 5.2. For each case a set of
10 data points along the right boundary were taken and the k/kCu ratio was calculated
from the graphs.
The variation of k/kCu is plotted against the no. of voids for the 20 % area case in
Figure 5.5.
The average thermal conductivity from Figure 5.5 is estimated to be around 67 % of
the thermal conductivity of copper. This is analogous to the composite conductor that
is made up of 20 % epoxy. Thermal conductivity measurements of the composite
conductor at ORNL indicate a thermal conductivity of around 62 % of copper. The
set of simulations help to confirm the independent tests from ORNL and also serve as
a baseline for future work in this area.
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Table 5.2 Table showing the average thermal conductivity changing with area

Number of
voids in square

k/kCu
10 % area

20 % area

30 % area

40 % area

1

0.83

0.68

0.56

0.45

2

0.79

0.58

4

0.83

0.69

0.56

0.45

4

0.82

0.67

0.53

0.39

10

0.67

15

0.68

20

0.71

25

0.68

30

0.67

105

k/kcu variation with increase in no. of holes for
20% Area
0.8
0.7
average k/kcu

0.6
0.5
k/kcu

0.4
0.3
0.2
0.1
0
0

10

20

30

40

no. of holes

Figure 5.5 Average k/kCu vs. number of voids
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CHAPTER 6
UT RACETRACK COIL
6.1

INTRODUCTION

The University of Tennessee Racetrack coil is a simplified prototype of the QPS
winding pack. It was designed and fabricated at UT Mechanical, Aerospace and
Biomedical Engineering Department. It has a racetrack shape and has a winding path
that is approximately 33 inches long and 7.5 inches wide. The racetrack coil basically
has four parts—an inner ring, an outer ring, an upper plate and a bottom plate. The
conductor coil is wound between the inner and outer rings. Copper chill plates 0.04
inches thick are placed between the copper conductors and the inner, outer rings to
help in the cool down of the coil. The conductor cable measures 0.5 inch by 0.625
inch compacted into a rectangular cross section. It is wrapped with three layers of
glass tape and two layers of Kapton®. A 0.25 inch copper tube is brazed to the top of
each of the copper strips. This is to be used in case of liquid nitrogen cooling. A
photograph of the test article can be seen in Figure 6.1.

6.2

COOLING OF THE MODULAR COIL

Modular coil is the primary part responsible for generating the magnetic field in
the QPS. Its geometry, manufacture, cool-down and material composition influence
the proper functioning of the stellarator.
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Figure 6.1 Photograph showing test article at Princeton Plasma Physics Lab.

The stellarator needs to be operated in pulses and in between the time intervals
the coil needs to cool down primarily by conduction. For this reason copper chill
plates are used as heat sinks. But there is also provision made for fluid cooling lines if
need arises. Gas cooling is ruled out since it could contaminate the plasma space and
also disrupt the magnetic field. There is possibility of liquid nitrogen lines to provide
further cooling capacity. The issues addressed in this thesis regarding the thermal
cooling of the UT Racetrack coil can be summarized as follows: 1. Use of copper chill plates.
2. Location of liquid nitrogen lines.
3. Cooling rate of each conductor after being pulsed for 1-2 seconds.
4. Temperature response at the actual locations of thermocouples and
determination of hotspots in the design.
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6.3

MODEL DESCRIPTION AND PROPERTIES

In this study 2D and 3D models were developed in FEMLAB® and the reported
results in this study are based on these models. The coil model and its cutaway
quarter portion with 2 by 8 conductors are shown in Figures 6.2 and 6.3 respectively.
Due to symmetry, initially only half domain was considered. For 3D comparisons a
quarter of the straight section (6 inches long) were used. The curved 3D models were
all half of the semicircular domains.
Each conductor is pulsed with a current of 20,000 amps for a current flat top time
of 1-2 seconds. In order to model the cooling characteristics of the conductor cable, it
was assumed that the conductor cable acts as a resistance which generates heat when
pulsed with current according to the Ohm heating law:
q = I 2R

… (6.1)

Where q is the heat generated, I is the current passing through the conductor in
amps and R is the resistance offered by each conductor to the flow of current. Heating
was done for 1.7 seconds based on the reported coil current characteristics shown in
Figure 6.4. Cooling times were taken as 15 minutes or 900 seconds from the NCSX
Conceptual Design Review presentation [22]. The properties for the structure,
conductor cable and the copper sheets were taken at 300 K and assumed to be
constant for the range of temperatures observed here. The property data was taken
from [15] which are shown in Table 6.1.

109

Figure 6.2 3D FEMLAB® model of the racetrack coil showing half domain

Figure 6.3 Quarter portion of the racetrack in FEMLAB® with 2 by 8 conductors
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Figure 6.4 Modular coil current flattop time versus temperature of coils
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Table 6.1 Material properties used in the UT Racetrack FEMLAB® model
Thermal
Conductivity W/m
K

Density

Specific Heat

Kg/m3

J/Kg K

Stainless Steel
AISI 316
Pure Copper

13.4

8238

468

401

8933

385

Conductor
copper-glassepoxy Composite

320

6250

540

Material

The thermal conductivity of the composite conductor cable was assumed to be
about 80% of copper since no proper data was available to confirm the independent
tests at University of Tennessee and Oak Ridge National Labs. The resistivity of
copper is 6.58 x 10-7 Ω-inch. The resistivity of the conductor cable was assumed to be
80 % that of copper.
All inner boundaries are assumed to be insulated and all outer ones are exposed to
air. Hence natural convective boundary conditions were used to cool the model. The
correlations for calculating the heat transfer coefficients have been taken from [15].
Using very rough estimates it can be shown that the value of heat transfer coefficient
is around 1 BTU/(hr ft2 ˚ F) or 5.67 W/m2 K. This value was used for all future
calculations. In other calculations the heat transfer coefficient was increased up to 2
orders of magnitude to ascertain the effect on the results and their sensitivity to this
change.
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Initially many 2D and 3D models were analyzed. The 2D and 3D models were
compared to determine if a simple 2D model can be effectively used for a more
complicated 3D model. This was followed by the 2D analysis of the actual cross
section model of the racetrack coil. This model is complete with all details of copper
chill plates and liquid nitrogen lines. Two initial startup conditions (a) room
temperature and (b) cryogenic temperature were used. The model was also used to
predict the best location of liquid nitrogen lines and their effectiveness in rapid
cooling of the coil assembly.

6.4

COMPARISON OF 2D MODEL GEOMETRIES

The actual 3D model due to the thin boundaries and chill plates was taking a lot
of computational running time and requiring considerable memory allocation. Hence
a simplification was sought by analyzing 2D model geometries, subjected to the same
initial and boundary conditions. Cooling is allowed to proceed through natural
convection at the outer boundaries and there is no liquid nitrogen cooling. The three
main types of geometries that are close to the actual geometry can be seen in Figures
6.5, 6.6 and 6.7.
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Top
plate

Inner
Insulated
boundaries

Outer
boundaries

Bottom plate

Figure 6.5 2D model case 1
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Figure 6.6 2D model case 2

115

Figure 6.7 2D model case 3
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1. Case 1: Figure 6.5 shows this model with individual coil conductors and no
thin copper chill plates on the sides. Liquid nitrogen lines are present at the
top corners. Natural convection boundary conditions are applied on the top
and bottom plates, and on the left boundaries. The right boundaries have the
symmetric boundary conditions. The initial temperature condition is taken at
room temperature of 293 K.

2. Case 2: Figure 6.6 shows this model with the top plate, inner and outer rings
combined into a single domain, and fourteen of the coil conductors (except the
top two) combined into a single domain. There are no copper chill plates and
the liquid nitrogen lines have been moved 0.1 inches inside from the original
model. Natural convection boundary conditions are applied on the top and
bottom plates, and on the left boundaries. The right boundaries have the
symmetric boundary conditions. The initial temperature condition is taken at
room temperature (293 K).

3. Case 3: Figure 6.7 shows this model, which is similar to the previous case
except copper chill plates are placed between the conductors and outer/inner
rings. The chill plates are 0.04 inches thick. Natural convection boundary
conditions are applied on the top and bottom plates, and on the left
boundaries. The right boundaries have the symmetric boundary conditions.
The initial temperature condition is taken at room temperature (293 K).
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6.4.1

RESULTS AND DISCUSSIONS

The coil conductors in all the geometries were subjected to Ohmic heating for 1.7
seconds and then cooled for 900 seconds. The rise in temperatures at the end of the
heating cycle can be observed in Figures 6.8 to 6.10. It is observed that the
temperature rise in case 3 is significantly lesser than the first two cases. The first two
however show negligible difference in maximum temperatures. The heating looks
uniform in the first two cases, whereas the third case shows significant cooling near
the copper plates. This happens since copper has a very high thermal conductivity and
helps in conducting heat to the top and bottom plates. Figures 6.11 to 6.13 show the
plots at the end of the cooling cycle of 15 minutes. The third case with copper chill
plates cools much faster than the first two cases.

Figure 6.8 Temperature field in case 1 at the end of heating cycle
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Figure 6.9 Temperature field in case 2 at the end of heating cycle

Figure 6.10 Temperature field in case 3 at the end of heating cycle
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Figure 6.11 Temperature field in case 1 at the end of cooling cycle

Figure 6.12 Temperature field in case 2 at the end of cooling cycle
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Figure 6.13 Temperature field in case 3 at the end of cooling cycle

FEMLAB® always meshes different domains separately and then tries to match
the meshes at the boundaries. Hence if it encounters small or thin domains it tries to
put in more elements in them. This can lead to large requirements for memory and
computer resources. It was observed that combining the conductors has a negligible
effect on the thermal behavior, but in turn it saves considerable memory and
computational time. Hence the model in case 2 with all the conductors and the
domains combined was used in the 3D model. The 2D study predicted that using
copper chill plates on the sides is definitely an added advantage. The model with chill
plates cooled down six degrees faster than the models in the same time. Also the rise
in temperature during Ohmic heating was smaller. It is also observed that the bottom
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plate being bulkier loses heat much faster to the air and hence records the minimum
temperatures.

6.5

3D MODEL

From the 2D analysis it was deduced that the domain with no thin boundaries
(copper chill plates) and with integrated conductors would be the best model to work
with in 3D since it completely avoids the problems of meshing in thin regions. Two
types of 3D models were analyzed: one being a straight section 6 inches long and the
other a quarter circle curved shape.
Boundary conditions remained the same as in the 2D model. The top plate,
bottom plate and the outer boundaries were all subjected to convective boundary
conditions and the inner ones were all insulated. Heat generation takes place inside
the conductors according to the Ohmic Law. Heat transfer coefficient is taken as 5.67
W/m2 K for all calculations. The straight and curved models can be seen in Figure
6.14.

6.5.1

MESHING

Meshing was done using the automatic mesh generator incorporated in
FEMLAB®. The mesh has close to 25,000 elements and is denser closer to thin
regions. Several meshing options were tried inside FEMLAB®, and parameters like
mesh growth rate, curvature factor and maximum edge size were changed a number
of times before deciding the final mesh.
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Blue: Copper
Pink: Steel

Figure 6.14 3D straight and curved sections
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A built in time-stepping algorithm was used. Other parameters like tolerances,
iteration handlers and handling of mass matrices were also made changeable from
within the program.

6.5.2

RESULTS AND DISCUSSIONS

The 3D straight and curved models were subjected to Ohmic heating for 1.7
seconds and then natural convective cooling for 900 seconds. The rise in temperature
in both models was the same (see Figures 6.15 to 6.18). This can also be compared in
Figures 6.9 and 6.12. The difference in temperature rise during ohmic heating
between 2D and 3D models is about one degree. Hence running numerous cases on
2D models could save a large amount of computation power and time and there is no
loss of information in the process. At the end of the cooling cycle of 900 seconds, the
temperature drops slightly more in the 3D case compared to the 2D case. This
however could be neglected in regard to the equivalent time and memory that can be
saved by running a 2D case. The difference in temperatures shown between the two
cases remains less than 1 %.
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Figure 6.15 Temperature field in 3D straight section at the end of heating cycle

Figure 6.16 Temperature field in 3D curved section at the end of heating cycle
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Figure 6.17 Temperature field in 3D straight section at the end of cooling cycle

Figure 6.18 Temperature field in 3D curved section at the end of cooling cycle
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6.6

COMPARISON OF 2D AND 3D MODELS AT HIGH HEAT
TRANSFER COEFFICIENT

The 3D results looked very similar to the 2D ones obtained earlier. In order to
confirm that the results were genuine, a parametric study was carried out by
increasing the natural convective heat transfer coefficient for the 2D and 3D straight
and curved cases. The model was modified by combining into one the copper
conductors. The top plate, inner ring and outer ring domains were also combined into
one domain. The convection parameter was increased up to 2 orders of magnitude and
the normalized temperature results were plotted against time and presented in Figure
6.19. The temperature was normalized by largest change in temperature observed.
As shown in Figure 6.19, as the heat transfer coefficient increases, the drop in
temperature is faster. This is expected due to the ensuing large rate of cooling. For
each case where h remains constant, the difference in normalized temperature
between 2D and 3D cases remains less than 1-2 %. These results confirm the results
obtained earlier at lower values of heat transfer coefficient.

6.7

DESIGN AND LOCATION OF LIQUID NITROGEN LINES

Based on previous simulation studies it was decided to concentrate on 2D models
in order to save computation power and time. This is possible since no significant 3D
effect was observed. The actual cross section is complete with the liquid nitrogen
lines and copper chill plates.
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Figure 6.19 Maximum temperature comparison for different heat transfer coefficient

(1.7 seconds of heating followed by 900 seconds of cooling)
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The cross section can be seen in Figure 6.20. This model was used to predict the
following at two different initial temperature conditions of (a) room temperature (293
K or 20˚C), and (b) cryogenic temperature (80 K)

1.

Temperature response comparison with and without liquid nitrogen
cooling, when the liquid nitrogen lines are located at the top.

2.

Temperature response comparison with and without liquid nitrogen
cooling, when the liquid nitrogen lines are located at the bottom.

3.

Temperature response comparison between liquid nitrogen cooling at the
top and bottom.

Hence the need for liquid nitrogen cooling and their placement is discussed for both
initial temperature and cryogenic conditions.

6.7.1

BOUNDARY CONDITIONS AND MATERIAL PROPERTIES

For the first case the outer surfaces are all exposed to air and have natural
convective boundary conditions. The heat transfer coefficient (h) was taken to be 5.67
W/m2 K. All the inner boundaries are insulated. The initial condition is maintained at
room temperature. Liquid nitrogen is pumped through the lines. To simulate these
conditions, the boundaries representing the cooling lines in the model are maintained
at a constant liquid nitrogen temperature of 80 K.
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Liquid Nitrogen line

Cu Chill
plate
Top Plate

Inner Ring

Bottom Plate
Outer Ring

Figure 6.20 Actual 2D cross section
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In case of initial cryogenic conditions, the coil is immersed in a liquid nitrogen
tank and then pulsed with currents. For cooling analysis the outer and inner
boundaries are all insulated. The properties of the different materials used have been
taken from Table 6.1.

6.7.2

TEMPERATURE RESPONSE WITH LIQUID NITROGEN LINES
AT TOP

The model with liquid nitrogen lines located below the top plate in between the
conductor coil and copper chill plates is shown in Figure 6.21. The temperature
response is calculated at three different locations. The reference temperature was
taken as the room temperature or the cryogenic temperature whichever the case may
be.
Figure 6.22 shows the ∆T vs. Time response for room temperature initial
conditions and Figure 6.23 for the cryogenic initial conditions. The graphs compare
cooling with and without liquid nitrogen cooling.
In Figure 6.22, the temperature at T2 falls rapidly since it is in closest proximity
to the liquid nitrogen lines. The drop in temperature at the other two locations is not
so rapid. It takes a maximum of 40 seconds for the temperature of the entire array of
conductor coils to drop to room temperature. The temperature difference shown is in
respect to the room temperature condition. In Figure 6.23, the same trend is followed.
T2 drops to cryogenic initial temperature rapidly. It takes close to 900 seconds of
cooling for T3 to reach the cryogenic initial conditions.

131

Figure 6.21 Temperature response locations T1, T2 and T3 for cooling lines at top
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Figure 6.22 Temperature responses at room temperature for lines at top

Figure 6.23 Temperature responses at cryogenic temperature for lines at top
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The temperature difference shown is in respect to the cryogenic initial
temperature of 80 K. If the coils were operated at this temperature it would essentially
take 15 minutes of cooling time between pulses to cool the entire array of conductors
with liquid nitrogen cooling. These results are in very good agreement with the
NCSX independent modeling results carried out at Princeton Plasma Physics Lab and
also with the requirements of the QPS design committee report.

6.7.3

TEMPERATURE RESPONSE WITH LIQUID NITROGEN LINES
AT BOTTOM

The liquid nitrogen lines could be placed either on top of the conductor coil or
below it. The lines could be placed in between the bottom plate and the array of
conductors or could also be fitted by drilling holes in the bottom plate itself. The
latter idea has been considered here since the bottom plate, being bulkier than other
locations acts as a heat sink. Hence placing liquid nitrogen lines here could be more
effective in removing heat. The model is shown in Figure 6.24. Three locations T1,
T2 and T3 have been chosen inside the conductor coil where the temperature
response is given. T3 being closest to the cooling lines gets cooled much faster than
the other two. T1 and T2 however are better indicators of the exact time needed for
the entire conductor array to get cooled down.
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Figure 6.24 Temperature response locations T1, T2 and T3 for cooling lines at

bottom
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Figures 6.25 and 6.26 show the temperature response at room and cryogenic
temperatures respectively. The graphs compare cooling with and without liquid
nitrogen. As expected T3 falls rapidly to the room temperature whereas T1 and T2
take 20 and 50 seconds respectively to reach room temperature. In case of cryogenic
conditions, it takes about 400 seconds for T3 to reach the temperature of 80 K. T1 and
T3 take just about 900 seconds to this reference temperature.
Hence it is observed that rapid cooling by liquid nitrogen is advantageous,
especially at cryogenic temperature conditions.

6.7.4

COMPARISON BETWEEN NITROGEN LINES AT TOP AND
BOTTOM

It is worthwhile to compare the effect of liquid nitrogen cooling when the lines
are relocated from their original position at the top. This would help in deciding their
placement for maximum cooling. Graphs have been plotted for both room
temperature and cryogenic conditions. Two locations were found suitable for the
placement of coils. The first position was below the top plate and in between the
conductor coil and copper chill plates. The second position is in the bottom plate. The
lines could not be placed anywhere in the middle of the conductor since this could
produce a non-uniform magnetic field, cause structural instabilities and also
difficulties in fabrication and VPI. The top being thinner than the diameter of the
lines also could be used as a good location for the coils.
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Figure 6.25 Temperature responses at room temperature for lines at bottom

Figure 6.26 Temperature responses at cryogenic temperature for lines at bottom
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Figures 6.27 to 6.30 show plots of ∆T with time during heating and comparing
location of lines at the top and bottom. Figure 6.27 presents the results with no liquid
nitrogen lines for comparison purposes. In the absence of liquid nitrogen cooling it
should not matter where the lines are present. The results indeed confirm that all
curves are similar (Figure 6.27). The temperature drop is also the same and so is the
time taken to reach the reference temperature. In order to ascertain a better location
for the cooling lines, it is essential to compare the temperature at location T1 since T2
and T3 would be directly affected by being closest to the cooling lines.
It is observed from Figure 6.28 that the temperature at T1, for the case where the
cooling lines are at the top, falls more rapidly than when it is at the bottom. Hence
placing the lines at the top between the conductor coil and copper chill plates and
below the top plate ensures that the entire array of conductors cools down faster. The
copper chill plates are instrumental in the heat loss and help in the distribution of heat
to the bottom plate; with larger losses due to relatively larger surface area. In Figure
6.29 all the curves follow the same trend in the absence of liquid nitrogen cooling.
Figure 6.30 follows the same trend as in Figure 6.28. The temperature at location T1
falls more rapidly in case of cooling lines at the top when compared to their
placement at bottom. This also confirms that placing the liquid nitrogen cooling lines
at the top would ensure a faster cooling rate and a more uniform loss of heat from the
conductor coil.
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Figure 6.27 Rate of temperature drop with no liquid nitrogen cooling for room

temperature
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Figure 6.28 Rate of temperature drop with liquid nitrogen cooling for room

temperature
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Figure 6.29 Rate of temperature drop with no liquid nitrogen cooling for cryogenic

conditions
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Figure 6.30 Rate of temperature drop with liquid nitrogen cooling for cryogenic

conditions
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6.7.5

SUMMARY

The issues raised at the beginning of the chapter have been discussed and the
following conclusions can be drawn:

1.

Use of copper chill plates is essential since it acts as heat sink in the
vertical direction. It draws the heat from the conductor coil and disperses it
through the top and bottom plates.

2.

Liquid nitrogen cooling is essential in both room temperature and
cryogenic initial conditions.

3.

Liquid nitrogen lines located at the top of the conductor coil tend to cool
the conductor array faster as compared to the case when they are located at
the bottom.

4.

It is essential that the entire conductor is cooled before being pulsed again
since temperature gradient within the coil would affect the subsequent
generation of magnetic field.
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CHAPTER 7
CONCLUSIONS

This study has addressed several issues in the design and fabrication of modular
coil in the QPS project. They included the study of curing cycle during Vacuum
Pressure Impregnation process, welding of the steel containment can and its effect on
the windings, experimental and numerical determination of material properties used
in the QPS project and modeling of the UT Racetrack coil assembly. The simulation
of curing cycle gave rise to a modified version of it for the ‘tee’ section and helped in
predicting the hotspots and high temperature gradients in copper and steel in the
Vacuum Pressure Impregnation process. The experimental tests on welding of the
stainless steel containment can show that no damage occurs to the conductor cable.
The experimental model was used to design a numerical model by means of which
the high temperature zones in the conductor and gradients between the insulation
layers could be predicted.

Further experiments were carried out to calculate the density, specific heat
capacity and thermal conductivity of the copper-glass-epoxy composite conductor.
These results were used in the UT Racetrack coil to predict the cooling time required
between subsequent pulsing in generating the magnetic field, the need for liquid
nitrogen cooling at room temperature and cryogenic conditions, the optimal location
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of cooling lines and the role of the copper chill plates as heat sinks for faster cooling
of the coil.

A part of this thesis also helps in confirming the results for thermal conductivity,
which is the most important material property of the composite conductor cable for
heat flow. The simulations indicate the thermal conductivity to be around 67 % of the
thermal conductivity of pure copper.
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CHAPTER 8
RECOMMENDATIONS FOR FUTURE RESEARCH

Here are several issues that can be pursued in developing more accuracy and better
simulation in thermal features of the QPS project:

•

Experimental test results from the UT Racetrack coil are needed to validate
the numerical results obtained in this thesis. Conditions pertinent to operation of
the coil need to be fixed and used for experiments.

•

The thermal conductivity obtained from the simulations can be used for future
designs and numerical models.

•

The thermal conductivity of the conductor cable needs to be verified
experimentally using better techniques.

•

The specific heat of the composite also needs to be determined using better
methods.

•

Temperature dependent properties could be used for the numerical models
especially for cryogenic conditions.

•

Use of alternate methods to cool the conductor at a faster rate.
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APPENDIX A
WELDING TEMPERATURE DATA AND MATERIAL PROPERTIES
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Table A.1 Temperature vs. time data for TIG welding of thin sheet metal pieces

T1
(oC)

T2
(oC)

T3
(oC)

Time
(sec.)

23

23

22

0

25

29

32

2

25

29

33

4

29

36

43

6

30

37

45

8

30

39

49

10

30

40

50

12

31

44

55

14

31

49

60

16

32

55

67

18

35

59

71

20

38

67

80

22

39

74

87

24

40

80

93

26

45

163

161

28

57

231

224

30

73

233

234

32

85

235

229

34

94

237

227

36

97

240

224

38

103

207

220

40

103

205

217

42

103

203

213

44

103

201

210

46

102

200

208

48

102

199

206

50
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Table A.2 Temperature vs. time data for TIG welding of thin steel sheet to block of

steel
T1
(oC)
23
27
27
27
25
26
27
28
30
30
32
34
35
38
43
47
48
53
57
61
69
72
77
88
100
107
118
126
132
133
135
135
133
134
133
132
127
124
119
113
110

T2
(oC)
25
29
30
33
36
38
41
45
48
54
64
66
75
85
103
111
120
135
140
150
170
190
220
282
300
340
390
400
370
360
332
300
286
286
272
250
220
202
197
179
175
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T3
(oC)
25
25
26
29
32
38
41
45
49
51
58
65
68
75
87
92
92
106
112
117
130
137
142
154
167
176
188
188
185
183
178
174
169
166
165
161
153
148
141
130
125

Time (sec.)
0
3
6
9
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
63
66
69
72
75
78
81
84
87
90
93
96
99
102
105
108
111
114
117
120

Table A.3 Material properties in FEMLAB® model for welding experiments
Material

Thermal
Conductivity
W/m K

Specific Heat
J/Kg K

Density
Kg/m3

Stainless Steel
AISI 316

0.01543*T +
8.77143

-0.00018*T2 +
0.42*T +
360

8238

Pure Copper

401

385

8933

Kapton®+Glass
Layers

0.042

913

631

Table A.4 Melting temperature of AISI stainless steel 316

Material

Melting Temperature

AISI Stainless Steel 316

1450 ˚C
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Table A.5 Material properties in FEMLAB® model for welding of containment can
Thermal
Conductivity
W/m K

Density

Specific Heat

Kg/m3

J/Kg K

Stainless Steel
AISI 316
Pure Copper

13.4

8238

468

401

8933

385

Glass fiber

0.036

105

795

Kapton

0.12

1.42 x 103

1.09 x 103

Kapton+Glass

0.042

631

913

Material

Type of Sub
domain

T-section and
outer can
Cladding and
conductors
Gap between
can and Cu
cladding
Ground or
outer
insulation
Inner
insulation
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APPENDIX B
GRAPHICAL PRESENTATION OF THERMAL CONDUCTIVITY
VARIATION WITH INCREASE IN NUMBER OF VOIDS
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Figure A.1 Numerical model for thermal conductivity estimation

Figure A.2 Thermal conductivity along the right boundary with 2 voids
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Figure A.3 Thermal conductivity along the right boundary with 4 voids

Figure A.4 Thermal conductivity along the right boundary with 4 voids modified
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Figure A.5 Thermal conductivity along the right boundary with 10 voids

Figure A.6 Thermal conductivity along the right boundary with 15 voids
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Figure A.7 Thermal conductivity along the right boundary with 20 voids

Figure A.8 Thermal conductivity along the right boundary with 25 voids
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